Abstract: Synthesis of aliphatic polyesters has been examined using Candida antarctica lipase in supercritical carbon dioxide (scCO 2 ). The enzymatic ring-
-CL) proceeded in scCO 2 to give a polymer with molecular weight higher than 10 
Introduction
Supercritical fluids have been developed as media in research and industry for extraction and chromatography [1] . Supercritical carbon dioxide (scCO 2 ) is the most popular supercritical fluid and a natural solvent with low toxicity and high availability [2] ; scCO 2 represents a more environmentally friendly alternative to traditional solvents since there have been environmental concerns over the use of volatile organic solvents in the manufacture and processing of commercial polymer products. This solvent has many attractive properties for materials production such as no solvent contamination of the products, low viscosity, low surface tension and high diffusivity. Furthermore, these properties can be manipulated by merely changing the temperature or pressure of the reaction system.
There have been many papers concerning biocatalytic reactions in scCO 2 [3] [4] [5] . Typical examples of enzymatic reaction in scCO 2 are lipase-catalyzed esterification and transesterification [6, 7] , and oxidation of phenols by polyphenol oxidase [8] .
Recently, highly asymmetric reduction of aromatic and cyclic ketones was achieved by using alcohol dehydrogenase in scCO 2 [9] . Polymerizations in scCO 2 have also been extensively studied [10] . So far, various modes of polymerization such as freeradical, cationic, thermal ring-opening, oxidative, and sol-gel polymerizations were conducted in such a solvent.
Lipase-catalyzed polymerizations provide an environmentally friendly method for the synthesis of biodegradable polyesters owing to the non-toxic enzyme catalyst and mild reaction conditions [11] [12] [13] [14] [15] . Various monomer combinations have been developed for the enzymatic synthesis of polyesters. Furthermore, lipase induces enantio-and regioselective polymerizations to give functional polyesters [16] [17] [18] [19] [20] [21] [22] , most of which are very difficult to synthesize by conventional chemical catalysts. Substituted lactones were enantioselectively polymerized to produce optically active polyesters [16] [17] [18] , and regioselective acylation of polyols like glycerol and sugar alcohols by diesters led to reactive polyesters bearing hydroxy groups in the main chain [19] [20] [21] [22] .
We have found that hydrolytic degradation of aliphatic polyesters takes place via lipase catalysis in organic solvents, and the resulting oligomers were polymerized in bulk by the same catalyst to give the polyester again. Thus, we proposed for the first time a basic concept that degradation -polymerization can be controlled by the presence or absence of solvent, providing a new methodology of chemical recycling of plastics [23] . Furthermore, the lipase-FDWDO\]HGGHJUDGDWLRQRISRO\-caprolactone) smoothly proceeded in scCO 2 [24] .
The present study deals with the lipase-catalyzed synthesis of aliphatic polyesters in scCO 2 . In relevance to this study, a polycondensation of bis(2,2,2-trichloroethyl) adipate and 1,4-butanediol using porcine pancreatic lipase as a catalyst in supercritical fluoroform was claimed [25] ; poly(1,4-butylene adipate) with narrow molecular weight distribution was formed. As for the synthesis of aliphatic polyesters in scCO 2 , it was reported that ring-RSHQLQJSRO\PHUL]DWLRQRI-caprolactone (1) was conducted using dibutyltin dimethoxide as initiator [26] .
Results and discussion
Lipase-catalyzed ring-opening polymerization of lactones has been examined in scCO 2 . So far, 4-to 17-membered non-substituted lactones were subjected to lipasecatalyzed ring-opening polymerization in bulk or organic solvents [14, 15] . Using Pseudomonas fluorescens lipase as a catalyst, macrolides showing lower anionic polymerizability than medium-size lactones such as 1 were polymerized faster with lipase as a catalyst [27] [28] [29] , probably due to stronger recognition of the macrolide by the lipase. In this study, Candida antarctica lipase (lipase CA) was used as a catalyst, which showed very high catalytic activity for the synthesis and degradation of aliphatic polyesters [23, 24, [28] [29] [30] . Lipase CA is a granular immobilized enzyme. Molecular weight was determined by means of size exclusion chromatography (SEC).
At first, polymerization of 1 was performed (cf. Scheme 1). Results of this polymerization are summarized in Tab. 1. The monomer conversion increased with the amount of lipase, and we found a maximum of the molecular weight at a lipase amount of 100 mg (entry 5). As for the effect of reaction temperature, the monomer conversion at 45 °C was smaller than that at 60 or 75 °C and the molecular weight was highest at 60 °C (entries 4, 5, 8) . The monomer conversion and molecular weight at a pressure of 10 MPa are larger than those at 15 MPa (entries 5 and 6). In the polymerization without enzyme (control experiment), the monomer was recovered unchanged. These data indicate that the polymerization of 1 in scCO 2 proceeds via lipase catalysis and the reaction parameters greatly affect the polymerization behavior. Polymers with molecular weights higher than 10 4 are formed under appropriate conditions. In a previous study concerning the polyester synthesis using porcine pancreatic lipase in supercritical fluoroform, the molecular weight was less than 3x10
3 [25] . These data suggest that scCO 2 as a medium allows enzymatic synthesis of higher molecular weight polyesters. NMR analysis showed that the product possesses alcohol and carboxylic acid groups in the terminal groups. In the matrix-assisted laser desorption/ionization -time of flight mass spectrum (MALDI-TOF MS) of the product, only a linear polyester was detected. These data suggest the selective formation of the linear polymer in scCO 2 . In the enzymatic polymerization of 1 in organic solvents, a mixture of linear and cyclic polyesters was formed [31] . The production of the linear polymer from 1 shows initiation with a small amount of water contained in the enzyme [27] [28] [29] .
Macrolides, 11-undecanolide (2) and 12-dodecanolide (3), were also enzymatically polymerized in scCO 2 under reaction conditions similar to those of entry 5 in Tab. 1. In case of 2, the monomer conversion and molecular weight of the polymer are 70 % and 3.2x10 3 , respectively. The polymerization of 3 quantitatively produces a polyester with a molecular weight of 7.7x10 3 .
We have reported the formation of random ester copolymers by lipase-catalyzed ringopening copolymerization of lactones in spite of the different enzymatic polymerizability of these lactones, suggesting the frequent occurrence of transesterification reactions during the copolymerization [32] . Here, the enzymatic copolymerization of 1 and 3 was carried out in scCO 2 pressure of 10 MPa. The equimolar mixture was quantitatively converted to a copolymer with a molecular weight of 1.3x10 4 . The microstructure of the copolymer was analyzed by means of 13 C NMR spectroscopy. In the region of 63-65 ppm, there are four peaks due to C(=O)OCH 2 corresponding to four different diads of the binary statistically random copolymer. As an index of diad sequence distribution, a universal parameter expressed as D = F ii F jj /(F ij F ji ) (F: relative diad intensity; i, j: monomer unit) is often used [33, 34] . Theoretically, the D value is larger than 1.0 for a block copolymer, whereas an alternating copolymer has a value less than 1.0, and in the case of a random copolymer, it approaches 1.0. The D value of the present copolymer is 1.3, suggesting that the microstructure is of high randomness and thus the occurrence of transesterification reactions.
For efficient production of aliphatic polyesters by enzymatic polycondensations, divinyl ester monomers were often used, owing to the irreversible tautomerization of a leaving group of vinyl alcohol to acetaldehyde [35, 36] . Under selected conditions, the high molecular weight polyesters were obtained enzymatically. Lipase-catalyzed polycondensation of divinyl adipate and 1,4-butanediol was performed in scCO 2 under reaction conditions similar to those of entry 5 in Tab. 1 (Scheme 2). Quantitative consumption of both monomers was achieved to give a polyester with a molecular weight of 3.9x10 3 , indicating that scCO 2 is also a good medium for the enzymatic polycondensation.
Conclusion
Lipase CA-catalyzed ring-opening polymerization of lactones and polycondensation of divinyl adipate and 1,4-butanediol were conducted in scCO 2 . In case of the ringopening polymerization of 1, a polyester of relatively high molecular weight was formed. The molecular weight strongly depends upon the reaction parameters. The enzymatic copolymerization of lactones produced the random copolymer. The present study provides a new methodology for the synthesis of biodegradable polyesters without use of volatile organic solvents under mild reaction conditions, which will greatly contribute to global sustainability, giving a good example to achieve "green polymer chemistry" [5] . Further investigations on the enzymatic polymerization and degradation in scCO 2 are under way in our laboratory.
Experimental part
Monomers were commercially available and stored over freshly activated type 4 molecular sieves. Lipase CA was kindly donated by Novozymes Japan Ltd. and used as received.
A typical run of enzymatic polymerization was as follows (entry 5 in Table 1 ): In a stainless steel vessel (Taiatsu Techno. Co., Tokyo, volume: 10 mL), a mixture of 2.0 mL of 1 and 100 mg of lipase CA was placed, then liquid CO 2 was injected at 10 MPa from a CO 2 delivery pump (JASCO SCF-Get) connected to a CO 2 gas cylinder. The vessel was kept at 40°C with constant pressure by a back pressure regulator to create a supercritical state. The polymerization was carried out at 60 °C with gentle stirring. After 24 h, the vessel was carefully degassed and tetrahydrofuran (10 mL) was added to the residue. Part of the organic solution was separated by filtration and analyzed by SEC.
SEC analysis was carried out by using a Tosoh SC8020 apparatus equipped with a refractive index (RI) detector at 40 °C under the following conditions: TSKgel G4000H HR column and tetrahydrofuran eluent at a flow rate of 1.0 mL/min. The calibration curves were obtained using polystyrene standards. Molar mass of polymers was measured using a JEOL JMS-Elite MALDI-TOF mass spectrometer. Molecular weights were recorded using 2,5-dihydroxybenzoic acid as matrix in a linear mode. Mass spectra were calibrated with substance P before measurement. NMR spectra were recorded on a Bruker DPX400 spectrometer.
